Abstract Tillering contributes to grain yield and plant architecture and therefore is an agronomically important trait in sorghum (Sorghum bicolor). Here, we identified and functionally characterized a mutant of the Non-dormant Axillary Bud 1 (NAB1) gene from an ethyl methanesulfonate-mutagenized sorghum population. The nab1 mutants have increased tillering and reduced plant height. Map-based cloning revealed that NAB1 encodes a carotenoid-cleavage dioxygenase 7 (CCD7) orthologous to rice (Oryza sativa) HIGH-TILLERING DWARF1/DWARF17 and Arabidopsis thaliana MORE AXILLARY BRANCHING 3. NAB1 is primarily expressed in axillary nodes and tiller bases and NAB1 localizes to chloroplasts. The nab1 mutation causes outgrowth of basal axillary buds; removing these non-dormant basal axillary buds restored the wild-type phenotype. The tillering of nab1 plants was completely suppressed by exogenous application of the synthetic strigolactone analog GR24.
INTRODUCTION
Sorghum (Sorghum bicolor [L.] Moench), one of the world's most important crop plants, ranks fifth globally (after maize, rice, wheat, and barley) in terms of cultivation area and grain production (Paterson et al. 2009 ; http://www.fao.org). This tropical C4 crop can be used for food, livestock feed, and biofuel production, and it is also used to produce straw for the construction of simple tools such as brooms. Sorghum bicolor is a diploid species (2n = 2x = 20) with a haploid genome size of ~730 Mbp (Paterson et al. 2009 ), which is approximately twice that of rice (~389 Mbp; International Rice Genome Sequencing Project, 2005) . Genome-wide comparative analysis shows that sorghum shares many sequences with sugarcane and maize (Paterson et al. 2009 ). Due to its agricultural importance, sorghum has become a new model plant for functional analysis, and its genetic relationships make it important for evolutionary studies of cereals other than rice.
Shoot branching (tillering) is an important agronomic trait that shapes plant architecture. In higher plants, the main shoot is derived from the primary shoot apical meristem (SAM) and the branches are derived from axillary meristems (AM) (McSteen and Leyser 2005) . Branching occurs via a two-step process: an axillary meristem forms in each leaf axil and subsequently grows outwards (Shimizu-Sato and Mori 2001) . In most cases, after its initiation, the axillary meristem stops growing and forms dormant axillary buds whose dormancy may subsequently be released (Wang and Li 2008; Kebrom et al. 2010) .
In recent years, many mutant genes that lead to unusually high branching have been discovered and cloned in various species, including the decreased apical dominance 1 (dad1), dad2, and dad3 mutants in petunia (Petunia spp; Napoli 1996; Napoli et al. 1999) ; the ramosus 1 (rms1), rms4, and rms5 mutants in pea (Pisum sativum; Beveridge 2000; Morris and Beveridge 2001; Rameau et al. 2002) ; the more axillary growth 1 (max1), max2, max3, and max4 mutants in Arabidopsis thaliana (Stirnberg et al. 2002; Sorefan et al. 2003; Booker et al. 2004 Booker et al. , 2005 ; and the dwarf 3 (d3), d10, d14, d17 (htd1), d27, and d53 mutants in rice (Oryza sativa; Ishikawa et al. 2005; Zou et al. 2006; Arite et al. 2007 Arite et al. , 2009 Lin et al. 2009; Jiang et al. 2013; Zhou et al. 2013 ).
Shoot branching (tillering) is influenced by various phytohormones in a variety
of ways. For example, auxin is mainly synthesized in young leaves and the shoot apex 4 (Cline 1991; Chatfield et al. 2000; Leyser 2003) and is transported along the primary shoot in a polar manner in apical dominance (Sachs and Thimann 1964; Cline 1991) , which suppresses the outgrowth of axillary buds. However, several lines of evidence suggest that a second messenger is essential for the suppression of axillary bud outgrowth, as auxin is prevented from directly entering into axillary buds (Morris 1977; Pilate et al. 1989; Prasad et al. 1993; Booker et al. 2003) . Two independent studies have shown that strigolactones (SLs) can inhibit axillary bud outgrowth (Gomez-Roldan et al. 2008; Umehara et al. 2008) . SLs were first shown to stimulate seed germination in root-parasitic plants (Cook et al. 1972; Bouwmeester et al. 2003; Humphrey and Beale 2006) and were subsequently shown to promote the outgrowth of hyphal branches of arbuscular mycorrhizal fungi (Akiyama et al. 2005) . SLs also regulate flower development, root growth, and leaf senescence (Snowden et al. 2005) .
SLs originate in the plastid and are synthesized from carotenoid molecules in higher plants (Booker et al. 2004; Matusova et al. 2005) . Three plastid-localized proteins, D27/AtD27, CCD7 (carotenoid cleavage dioxygenase 7), and CCD8, are involved in the putative SL biosynthesis pathway. D27/AtD27, a carotenoid isomerase (Lin et al. 2009; Waters et al. 2012a) , is responsible for transforming all-trans-β-carotene into 9-cis-β-carotene (Alder et al. 2012 ). CCD7 cleaves 9-cis-β-carotene into 9-cis-β-apo-10'-carotenal, and CCD8 produces carlactone, a precursor of SL (Alder et al. 2012) . Carlactones are subsequently converted into SLs via an unknown process, which might involve the cytochrome P450 oxygenase MAX1 (Booker et al. 2005; Drummond et al. 2012; Challis et al. 2013) .
Although the outgrowth of axillary buds differs between dicots and monocots, both processes share a conserved pathway involving MAX1 (Lazar et al. 2006 ) and related genes; D3, D17/HTD1, and D10, which are orthologs of MAX2, MAX3, and MAX4, have been identified in rice (Ishikawa et al. 2005; Zou et al. 2006; Arite et al. 2007; Wang and Li 2008) . Therefore, SLs likely are directly involved in controlling axillary bud outgrowth.
Tillering is an important agronomic trait in most grains, including sorgum, due to its effects on grain yield and plant architecture. In the current study, we characterized the sorghum non-dormant axillary buds 1 (nab1) mutant, which produces more tillers and has reduced plant height compared with wild-type plants. Map-based cloning and homology analysis revealed that NAB1 encodes a CCD7 that is highly conserved in both monocots and dicots. Our results suggest that NAB1 functions in SL biosynthesis 5 in sorghum, which may regulate shoot branching via interactions with polar auxin transport (PAT).
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RESULTS
Characterization of the nab1 mutant
We screened an EMS-mutagenized sorghum Btx623 population and identified the non-dormant axillary buds 1 (nab1) mutant, which exhibited dramatically altered plant architecture relative to wild-type Btx623 (Table S1 ). The nab1 mutant plants had an increased tiller number and reduced height ( Figure 1B) and tillers of the nab1 mutant emerged approximately one month after sowing, when no tillers were visible in wild-type Btx623 ( Figure 1A ). At maturity, the nab1 mutant had significantly more stems (7.5×) than wild type ( Figures 1B, C) and a dwarf phenotype (60% that of wild-type; Figures 1B, D) . We measured the length and diameter of each internode in the main stems of wild type and nab1 at maturity ( Figure 1E ), finding that almost all nab1 internodes were significantly shorter and smaller than those of wild type ( Figures 1H, I ). To determine the underlying mechanism for the reduced plant height, we carried out histological analysis of the middle portions of panicle neck internodes from wild-type and nab1 plants at the heading stage. The cell lengths and widths were significantly shorter in nab1 than in wild type (Figures 1F, G, N) , and the mutant had almost twice the number of cells per unit cross-sectional area as wild type ( Figures   1J-M, O) . In addition, grain width, grain thickness, grain length, thousand-grain weight, and yield per plant were significantly (P < 0.01) reduced in nab1 vs. wild type ( Figure S1 ).
The axillary buds of nab1 mutants fail to remain dormant and axillary bud removal can suppress the nab1 phenotype A previous study suggested that the production of extra tillers can result from the outgrowth of axillary buds or the production of extra axillary buds (Zou et al. 2006 ).
To investigate the role of NAB1 in sorghum, we analyzed the development of axillary buds at the structural level. The axillary buds of both nab1 and BTx623 were too small to be observed directly at the three-leaf stage but could be measured at the fourto six-leaf stage (red arrows in Figure 2A , B). Both nab1 and BTx623 generated macroscopic basal axillary buds after the three-leaf stage, but the axillary buds of nab1 continued to grow and developed into tillers, while those of BTx623 remained dormant ( Figure 2C ). These results indicate that the additional tillers of nab1 resulted from the increased outgrowth of basal axillary buds.
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To investigate the possible relationship between plant height and tiller number, we measured the plant height and main panicle length of nab1plants after removing all of their axillary buds (hereafter, nab1′ plants). We detected a significant increase in main panicle length and plant height in nab1′ plants compared with intact nab1 plants, with the mutant regaining the wild-type phenotype after bud removal ( Figures 2D-F) .
These results suggest that the additional tillers in nab1 plants led to the reduced plant height and panicle length in nab1 plants.
Cloning and functional characterization of NAB1
As the phenotype of F1 nab1 × BTX623 plants was similar to that of wild type, and approximately one-fourth of the plants in the F2 nab1 × BTx623 population showed the nab1 mutant phenotype (130:368 segregation ratio; χ 2 = 0.33 < χ 2 0.05, 1 = 3.84), we concluded that the nab1 mutant phenotype reflects the effects of a single recessive gene.
To map the NAB1 gene, we generated another F2 population by crossing nab1 with single-stemmed Shangzhuang broomcorn. First, we roughly mapped the NAB1 gene to the long arm of chromosome 6 in the region between simple sequence repeat (SSR) markers Xtxp265 and Xcup12 ( Figure 3A ). Subsequently, by analyzing an additional 2821 F2 individuals, NAB1 was further delimited to a 50-kb region between SSR markers SB03648 and Sam24529 ( Figure 3B ). The sorghum genome sequence database lists eight annotated genes in this region (https://phytozome.jgi.doe.gov/pz/portal.html; Figure 3C ; Table S2 ), including Sobic.006G170300, a homologs of rice HTD1/D17 and Arabidopsis MAX3, which encodes a CCD7 protein ( Figure S2 ). Sequencing of the 50-kb region in wild-type and nab1 plants revealed a single nucleotide transformation from C to T at position +223 in exon 1 of Sobic.006G170300 ( Figure 3D ). This single nucleotide change transformed amino acid 75 from glutamine in BTx623 to a premature stop codon in the nab1 mutant, generating a truncated protein with 75 amino acids, in contrast to the 629 amino acids of full-length NAB1 ( Figure 3E ; Figure S3 ), suggesting that Sobic.006G170300 is the candidate gene for NAB1.
To confirm that Sobic.006G170300 is the target gene, we sequenced 19 randomly chosen recessive plants from the nab1 × Shangzhuang F2 population and found that all 19 plants had the same mutation site as nab1 ( Figure S4 ). We aligned 153 sequences from diverse sorghum germplasm resources from different countries and 8 discovered that all 153 sorghum accessions showed the same sequence as BTx623 at the site of the nab1 mutation (Table S3 ). These results indicate that the nab1 mutant does not exist among natural sorghum accessions and that the mutation site identified in this study is valid. proteins sharing sequence similarity with NAB1 were identified and used to build a phylogenetic tree ( Figure S2 ; Data S4). This homology analysis revealed that NAB1 is closely related to genes found in other grass species, such as HTD1/D17 in rice ( Figure S2 ). Motif analysis and multiple sequence alignment further revealed that the amino acid substitution site in nab1 is present in a highly conserved region in higher plants ( Figure 3F ). These results suggest that this site in NAB1 plays an important role in maintaining the normal functioning of NAB1 protein.
To verify the function of Sobic.006G170300 at the genetic level, we generated a complementation construct (pNAB1) using the binary vector pCAMBIA1300
containing the entire open reading frame (2494-bp) of Sobic.006G170300 from BTx623, along with 2514-bp of the 5'-flanking region and 451-bp of the 3'-flanking region. Owing to the conservation of NAB1 in both monocots and dicots and the difficulty of performing genetic transformation in sorghum, we introduced the pNAB1 construct into the rice (Shiokari) ccd7 mutant (referred to as d17/htd1) and generated 11 complemented transgenic plants (CTPs). Five of the 11 CTPs showed significantly fewer tillers and greater plant height compared to control transgenic plants (ccd7) harboring an empty vector ( Figures 3G, H, I ; Table S5 ). These results demonstrate that Sobic.006G170300 is the candidate gene for NAB1, which is related to tillering in sorghum and shares a similar function with D17/HTD1 in rice.
Subcellular localization of NAB1 protein and expression pattern of NAB1
We investigated the subcellular localization of NAB1 in Arabidopsis protoplasts transformed with p35S::NAB1-GFP, a vector containing the full-length NAB1
sequence fused with GFP, and found that the resulting fusion protein localized specifically to chloroplasts. By contrast, in Arabidopsis protoplasts harboring 9 p35S::nab1-GFP, containing the truncated NAB1 sequence fused with GFP, the resulting fusion protein was not specifically localized to chloroplasts ( Figure 4A ).
These results further confirm that the truncated NAB1 gene in nab1 has lost its normal function.
To investigate the expression pattern of NAB1, we compared NAB1 transcript levels in different tissues between wild-type and nab1 plants by quantitative reverse-transcription PCR (qRT-PCR) analysis. In wild-type plants, NAB1 was expressed in all tissues examined, including young roots, leaves, stems, leaf sheaths, axillary buds, young panicles, tiller bases, and nodes, with particularly strong expression detected in tiller bases and nodes. By contrast, we detected reduced expression of NAB1 in nab1 tissues compared to wild type ( Figure 4B ). The expression pattern of NAB1 in sorghum is consistent with that of D17/HTD1 in rice (Zou et al. 2006 ).
NAB1 functions in SL biosynthesis
SLs are a novel class of hormones that suppress plant branching (tillering). Several
genes, including MAX1, D27, MAX4/RMS1/D10 (CCD8), and MAX3/RMS5/D17
(CCD7), are involved in SL biosynthesis, whereas several other genes, including D14, D53, and MAX2/RMS4/D3, are involved in SL signaling (Zhou et al. 2013; Jiang et al. 2013; Yao et al. 2016) . We searched the whole genome of sorghum and found that NAB1 is the only sorghum gene that is homologous to MAX3 and D17 ( Figure S2 ). In addition, the results of genetic transformation showed that the function of NAB1 is similar to that of D17/HTD1 in rice (Figures 3G, H, I；Table S5). We therefore hypothesized that NAB1 participates in SL biosynthesis in sorghum.
To verify this hypothesis, we applied 5 μM GR24, a synthetic SL analog with similar action to that of native SLs, to hydroponically cultured BTx623 and nab1
seedlings. The application of exogenous GR24 completely inhibited axillary bud outgrowth in 5-week-old nab1 seedlings (Figures 5A, B, C). We then compared the levels of 5-deoxystrigol (5-DS), a major germination stimulant in sorghum (Awad AA et al. 2006) , in wild-type vs. nab1 roots via liquid chromatography-quadruple/time-of-flight tandem mass spectrometry (LC/MS-MS).
The content of 5-deoxystrigol in wild type was ~70 (pg/g FW), whereas it was undetectable in nab1 ( Figure 5D ).
Subsequently, we carried out a germination assay to estimate the ability of root exudates of BTx623 and nab1 seedlings to stimulate germination using seeds of the parasitic plant broomrape (Orobanche). Our result revealed that the ability of root exudates to stimulate germination was severely reduced in nab1 compared to BTx623
( Figures 5E, S5 ). These results suggest that NAB1 plays a role in SL biosynthesis in sorghum, which may be similar to that of HTD1/D17 in rice (Zou et al. 2006; Umehara et al. 2008 ) and MAX3 in Arabidopsis (Booker et al. 2004; Umehara et al. 2008 ).
PAT assay of internodes and transcriptome analysis of basal axillary buds
Previous studies have demonstrated that shoot branching is related to PAT in pea,
Arabidopsis, and rice (Morris 1977; Beveridge 2000; Bennett et al. 2006; Dai et al. 2006; Lin et al. 2009 ). To determine whether NAB1 affects PAT in sorghum, we performed a PAT assay by comparing the acropetal and basipetal transport of 3 H-IAA in the panicle neck internodes of wild-type and nab1 plants at the inflorescence stage.
Basipetal PAT was significantly enhanced in nab1 internodes compared to wild type, whereas in plants treated with the PAT inhibitor N-1-naphthylphthalamic acid, no significant difference in acropetal or basipetal PAT of 3 H-IAA was detected between wild-type and nab1 plants ( Figure 6A ).
In addition, since auxin is transported along the stem in a polar manner at a rate depending on the expression of PIN1 family genes, which encode auxin efflux facilitators (Chen et al. 1998; Luschnig et al. 1998; Petrásek et al. 2006; Blakeslee et al. 2007; Titapiwatanakun and Murphy 2009; Yang and Murphy 2009) , we examined the relative expression levels of PIN1, PIN1b, and PIN1c in sorghum internodes by qRT-PCR. PIN1 and PIN1c were much more highly expressed than PIN1b in both wild-type and nab1 internodes, and the expression levels of PIN1 and PIN1c were significantly higher in nab1 internodes compared to wild-type ( Figure 6B ). These results support the notion that the basipetal transport of IAA is enhanced in the nab1 mutant, which is consistent with the findings for htd1, d27, and max3 (Bennett et al. 2006; Zou et al. 2006; Lin et al. 2009 ).
To examine the genome-wide effects of NAB1 in detail, we performed RNA-seq analysis using basal axillary buds (slightly <5 mm long) of nab1 and wild-type plants at the three-to four-leaf stage, when there was no significant difference in axillary bud length between wild-type and nab1 plants. Three high-quality biological repeats 11 of wild-type (W-A, W-B, W-C) and nab1 (nab1-A, nab1-B, nab1-C) tissue were used for RNA-seq analyses (Data S1). We detected 1933 differentially expressed genes (DEGs), including 1201 upregulated and 732 downregulated genes, in nab1 vs. wild type based on the criteria of at least a 100% increase or 50% decrease in expression and a false discovery rate of q < 0.05 ( Figure 6C ; Data S2). Gene ontology (GO)
analysis of the DEGs suggested that NAB1 influences multiple processes, as shown in Figure 6E . The enriched GO categories could be classified into biological processes, cellular components, and molecular functions, each comprising a wide range of subcategories, such as cellular processes, metabolic processes, cell parts, organelles, binding, catalytic functions, and so on. These results suggest that NAB1 plays an important role in axillary bud development. To validate the reliability of the RNA-seq data, we randomly selected six upregulated and six downregulated DEGs and analyzed them by qRT-PCR. The relative expression patterns of these DEGs were generally in agreement with the RNA-seq data ( Figure S6 ), confirming the reliability of the RNA-seq data.
We further analyzed the DEGs and found that most are involved in various biosynthetic processes ( Figure S8 ). Interestingly, there were more upregulated genes than downregulated genes involved in many processes, especially processes related to photosynthesis ( Figure S9 ), perhaps because the basal axillary buds of nab1 are non-dormant. In addition, we detected many IAA-related genes among the DEGs, including 20 upregulated and 14 downregulated genes (Table 1 ; Data S3). These results suggest that NAB1 may play an interactive role with auxin in repressing the outgrowth of axillary buds. For example, both upregulated and downregulated genes were detected among auxin response genes, whereas three auxin biosynthesis genes were upregulated, as were three auxin polar transport genes (particularly Sb01g002610) and two auxin efflux transporter genes (particularly Sb04g031170) ( Figure 6D ; Table 1 ). These results are consistent with the enhanced PAT observed in nab1 internodes.
DISCUSSION
Tillering (branching) is an important agronomic trait due to its effects on plant architecture and grain production (Jones and Kirby 1977; Xing and Zhang 2010) Decades of studies investigating both eudicots and monocots have advanced our understanding of tillering (branching) and SLs by revealing novel branching genes and regulatory mechanisms (Kebrom et al. 2013; Water et al. 2017) . Whereas studies on SLs have focused on many species, little is known about these phytohormones in sorghum. In the current study, we found that NAB1 encodes a CCD7 protein that might be associated with tiller number in sorghum. A single-nucleotide change in the coding region of NAB1 is responsible for the phenotypic transition from wild type (single stem) to nab1 (high-tillering) in sorghum.
The presence of non-dormant axillary buds underlies the nab1 mutant phenotypes Shoot branching (tillering) is generally a two-stage process: the axillary bud forms in the axil of a leaf and begins to grow outward (Shimizu-Sato and Mori 2001). The rice moc1 mutant is one of the most classic examples of impaired axillary bud formation (Li et al. 2003) , as it is a single-culm plant. In most cases, axillary bud formation is normal in this mutant, but after initiation, instead of subsequently undergoing outgrowth, the buds become dormant, which is released only in response to specific conditions (Wang and Li 2008) . In rice, the production of additional tillers results from either the outgrowth of axillary buds or the production of extra axillary buds (Zou et al. 2006) . Here, the formation of axillary buds was normal in both nab1 and wild-type sorghum plants, but the basal axillary buds grew at a significantly higher rate in nab1, leading to the multiple-tiller phenotype (Figures 2A-C ).
There is a strong negative correlation between tiller number and plant height in the rice dwarf, Arabidopsis max, and pea rms mutants (Beveridge et al. 1996; Yan et al. 1998; Li et al. 2003; Sorefan et al. 2003; Booker et al. 2004; Ishikawa et al. 2005; Zou et al. 2006 ). In the current study study, nab1 plants whose axillary buds had all been removed showed a significant increase in main panicle length and plant height, regaining the normal wild-type phenotype ( Figures 2D-F) . In addition, most of the DEGs related to photosynthesis were upregulated in the mutant ( Figure S9 ). Based on these results, we hypothesize that because axillary bud outgrowth is not prevented in the nab1 mutant, the growing buds compete with the main stem for photosynthate, which influences the growth of the main stem. Therefore, traits such as panicle length, plant height, and grain size and yield are negatively affected by the presence of non-dormant axillary buds. Taken together, these findings strongly suggest that the additional tillers produced by nab1 plants result from the presence of non-dormant 13 basal axillary buds and that the increased demand for photosynthate by these buds is responsible for its dwarf phenotype and related traits.
A single-nucleotide change leads to the loss-of-function of NAB1
In this study, motif analysis and multiple sequence alignment revealed that the amino acid substitution site in nab1 is present in a region that is highly conserved in higher plants ( Figure 3F ). Moreover, NAB1 was found to be an ortholog of rice D17/HTD1
and Arabidopsis MAX3 ( Figure S2 ), encoding a CCD7 class protein involved in the SL biosynthesis pathway (Booker et al. 2004; Zou et al. 2006; Umehara et al. 2008 ).
In addition, the bushy and dwarf phenotypes of nab1 plants resemble the abnormal phenotypes of Arabidopsis max3 and rice htd1/d17 plants. Furthermore, only one homolog of the wild-type gene in present in all Poaceae species examined except
Panicum virgatum and Triticum aestivum, which are tetraploid and hexaploid, respectively ( Figure S2 ). Transient expression analysis in Arabidopsis protoplasts showed that NAB1 is localized to chloroplasts, which is similar to the localization of MAX3/D17/HTD1 and MAX4/D10 (Booker et al. 2004; Zou et al. 2006; Arite et al. 2007 ), whereas the truncated nab1 protein lost this normal localization ( Figure 4A ).
Finally, transformation with pNAB1 complemented the d17/ (ccd7) mutant phenotype in independent transgenic lines ( Figures 3G, H, I ; Table S5 ). Taken together, these results strongly suggest that Sobic.006G170300 is the NAB1 gene, that it controls tiller number in sorghum, and that the single-nucleotide change in nab1 is responsible for the loss-of-function of NAB1. Figure 5A-C) . Second, 5-deoxystrigol was present at the expected levels in wild type but was undetectable in nab1 ( Figure 5D ). Third, unlike wild-type root exudates, nab1 root exudates failed to stimulate Orobanche seed germination ( Figure   5E , S5), which is consistent with the results for max3 and htd1/d17 (Gomez-Roldan et al. 2008; Umehara et al. 2008 ). These results demonstrate that NAB1 is responsible for SL production in sorghum, as are HTD1/D17 in rice (Zou et al. 2006; Umehara et al. 2008 ) and MAX3 in Arabidopsis (Booker et al. 2004; Umehara et al. 2008 ).
NAB1 functions in SL biosynthesis
Roles of SLs and auxins in controlling the dormancy of basal axillary buds in sorghum
Shoot branching is influenced by most of the known hormone families, including auxin, which inhibits bud outgrowth (Cline 1991; Chatfield et al. 2000) . However, several lines of evidence indicate that auxins mainly emerge from the shoot apex and cannot enter the axillary buds to suppress their outgrowth, suggesting that auxins indirectly inhibit shoot branching (Snow 1937; Morris 1977) . Two general mechanisms have been proposed for this indirect suppression. First, auxin influences the level of a second messenger, which can move into buds and regulate their activity (Cline 1991) . The second mechanism is related to the canalization hypothesis, which states that buds must establish their own PAT stream into the main stem for activation (Prusinkiewicz et al. 2009 ). In recent years, with the discovery of SLs, an alternative canalization-based model has been suggested, namely, that SLs modulate the redistribution of growth in the shoot by swiftly regulating auxin transport (Crawford et al. 2010; Shinohara et al. 2013; Bennett and Leyser 2014) . The current results support this model. First, the PAT capability was enhanced and the relative expression of PIN1 and PIN1c significantly higher in nab1 internodes compared to wild type ( Figure 6A, B) . Second, the RNA-seq data show that multiple biological processes are influenced by NAB1 and that auxin-related genes are abundant among DEGs ( Figure   6E ; Table 1 ). Third, all auxin-polar-transport-and auxin-efflux-transporter-related genes found among the DEGs were upregulated ( Figure 6D ; Table 1 ). These results are consistent with the alternative canalization-based model and suggest that SLs regulate basal axillary bud dormancy together with auxin transport in sorghum.
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In this study, we identified NAB1 from sorghum, which appears to function in SL biosynthesis, although we currently lack direct genetic evidence for this, such as complementation experiments using sorghum. In conclusion, this study has demonstrated that 1) a single-nucleotide change leads to the loss-of-function of NAB1
and is responsible for the altered nab1 mutant phenotypes; 2) NAB1 functions in SL biosynthesis and is localized to the chloroplast, which is similar to HTD1/D17 in rice and MAX3 in Arabidopsis; and 3) although shoot branching may be influenced and regulated by multiple pathways, we proposed a possible mechanism based on the interactions between SL and auxin transport.
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MATERIALS AND METHODS
Plant materials and growth conditions
Three parental Sorghum bicolor lines, BTx623, Shangzhuang broomcorn, and the nab1 mutant, were used in this study. BTx623 is a sorghum inbred line whose whole genome was sequenced in 2009, and Shangzhuang broomcorn is a broom sorghum (used primarily as straw to make brooms and woven mats) with a single stem that was 
Phenotypic analysis
To minimize the interference of additional mutations other than the gene of interest, one backcross was performed between nab1 and the BTx623 line before performing phenotypic characterization of nab1. Plant height, tiller number, grain thickness, grain length, grain width, thousand-grain weight, yield per plant, stem diameter, and stem length were measured in 20 field-grown plants. The tiller number was counted at one-week intervals throughout the growth period, and the other traits were measured at maturity.
Histological analysis
To obtain thin paraffin sections, fresh tissue from the middle portions of the panicle neck internodes of ten wild-type and ten nab1 plants at the heading stage were incubated overnight in FAA solution (3.7% formaldehyde, 5% glacial acetic acid, 70% ethanol). After a series of dehydration and infiltration steps, the samples were embedded in paraffin. The samples were cut into 8-μm sections using a Leica RM2265 microtome (GMI, Ramsey, MN, USA), stained with 1% safranin and 1%
Fast Green, and observed under a BX51 microscope (Olympus, Tokyo, Japan).
Map-based cloning of NAB1
Genomic DNA was extracted from fresh leaves using the cetyltrimethylammonium bromide method (Murray and Thompson 1980) , with minor modifications. Bulked segregant analysis was performed using 132 pairs of publicly available simple sequence repeat (SSR) markers Yonemaru et al. 2009 ) (Michelmore et al. 1991 ), using DNA from ten mutant and ten wild-type individuals. Five other SSR markers (Table S4) were used for fine-mapping of NAB1.
Phylogenetic analysis
The sequences of NAB1-like proteins from various species were obtained via BLAST searches in the NCBI (https://www.ncbi.nlm.nih.gov) and Phytozome (https://phytozome.jgi.doe.gov/pz/portal.html) databases. All putative protein sequences were aligned with CLUSTALW (Thompson et al. 1994) , and motif analyses were conducted using Web-Logo software (Crooks et al. 2004) . A neighbor-joining phylogenetic tree was constructed based on bootstrap values obtained with 1000 replications using MEGA 5.0 software (Tamura et al. 2011 ).
Subcellular localization of NAB1
Two green fluorescent protein (GFP) vectors, p35S::NAB1-GFP and p35S::nab1-GFP, were constructed for subcellular localization analysis of NAB1.
The p35S::NAB1-GFP vector contained the full-length NAB1 sequence from BTx623 fused with GFP. The p35S::nab1-GFP vector contained the truncated NAB1 sequence obtained from a nab1 mutant fused with GFP. The plasmids p35S::NAB1-GFP and p35S::nab1-GFP were introduced into Arabidopsis leaf protoplasts as described (Yoo et al. 2007 ). GFP signals were visualized under a Fluoview 1000 confocal laser-scanning microscope (Olympus, Tokyo, Japan).
Construct generation and transformation
The functional complementation construct (pNAB1), which harbored the 5459-bp BTx623 genomic fragment covering the entire ORF (2494-bp) of NAB1, was inserted into the binary vector pCAMBIA1300 (AF234296). The NAB1 DNA fragments were PCR amplified using NAB-1300 primers (Table S4 ) and cloned into the KpnI and SalI sites of the pCAMBIA1300 vector. The construct was imported into Agrobacterium tumefaciens strain EHA105 and transformed into the ccd7 mutant in the japonica rice variety Shiokari background.
Quantitative reverse-transcription PCR (qRT-PCR)
Total RNA was extracted from various tissue samples (young root, tiller base, node, stem, leaf, axillary bud, leaf sheath, and young panicle tissue) using an RNeasy Plant
Mini Kit (Qiagen, Hilden, Germany). First-strand cDNA was synthesized from 3 μg total RNA using a Superscript III RT Kit (Invitrogen, Carlsbad, CA, USA).
Expression analysis of NAB1 and other genes were performed using a CFX96
Real-Time System (Bio-Rad, Hercules, CA, USA). The sorghum Actin gene (Sobic.005g047100) was used as the internal control gene due to its relatively stable expression patterns in different tissues ( Figure S7 ). Each experiment was performed with three biological replicates. Variation in gene expression was quantified using the relative quantification method (Livak and Schmittgen 2001) .
Statistical analysis
A two-tailed Student's t-test was carried out on all data using SPSS version 16 (SPSS Inc., Chicago, IL). Significance was accepted at p < 0.05 and p < 0.01.
PAT assay
PAT assays were carried out as described by Haga and Iino (1998) , with some modifications. Stem segments (3-cm) were excised from the middle of the uppermost internode of each plant at the inflorescence (heading) stage and incubated in half-strength Murashige and Skoog (MS) liquid medium for 2.5 h at 25°C to eliminate endogenous IAA. The basal and apical ends of the excised segments were used for the acropetal and basipetal transport assays, respectively. The samples were submerged vertically to a depth of 1.5 cm in 5 mL of half-strength MS medium containing 500 nM free IAA and 500 nM [ 3 H] IAA solidified with Phytagel and incubated in the dark for 3 h at 25°C. N-1-naphthylphthalamic acid was added to the medium as a control to inhibit PAT activity. The unsubmerged ends of the segments (1.5-cm-long) were excised and quickly rinsed three times in half-strength MS liquid medium. After approximately 20 h of incubation in 2 mL scintillation liquid at 25°C, the radioactivity in each segment was counted using a liquid scintillation counter (1450 MicroBeta TriLux; Perkin-Elmer, Turku, Finland).
Hydroponic culture
Sorghum seeds were sterilized with 70% ethanol for 2 min, followed by 20% NaClO for 15 min. The sterilized seeds were rinsed with sterile distilled water and germinated for 48 hours at 28°C on moistened filter paper in Petri dishes in the dark. The germinated seeds were transferred to a stainless steel sieve lined with a sheet of moistened gauze inside a 1-L vessel filled with water and cultivated for 5 days in a growth chamber with a 10-h dark (8 pm to 6 am)/14-h light (120 μmol photons m -2 s -1 ) photoperiod at 26 °C/28 °C. Each seedling was transferred to a 10 mL centrifuge tube filled with half-strength Tadano and Tanaka (TT) medium (Tadano and Tanaka 1980) with or without 5 μM GR24 and incubated for 3 weeks. All culture media were adjusted to pH 5.9 with NaOH, and the TT medium was replaced every two days.
Extraction of SLs from root exudates and root tissues
SLs were extracted from sorghum root exudates and root tissues as reported previously (Yoneyama et al. 2007) . Briefly, to obtain SL from root exudates, SL was extracted from the growth medium used for hydroponic culture by adding ethyl acetate at a volume equal to that of the medium. The sample was washed with 0.2 M K 2 HPO 4 (pH 8.3) and dried with anhydrous MgSO4. The ethyl acetate solution was concentrated under a vacuum to obtain SL from root exudates. To obtain SL from root extracts, harvested root tissues were submerged in ethyl acetate for 3 days in the dark at 4 °C. The ethyl acetate solution was collected after filtration, washed with 0.2 M K 2 HPO 4 (pH 8.3), and dried with anhydrous MgSO4. The sample was concentrated under a vacuum to obtain SL from root extracts. The samples were stored at 4 °C until analysis.
LC-MS/MS analysis of SLs
The SL 5-deoxystrigol was quantified via LC-CM/MS (Yoneyama et al. 2007 ).
Briefly, an U980 HPLC instrument (Jasco, Tokyo, Japan) equipped with an ODS (C18) column (Mightysil RP-18, 2 × 250 mm, 5 μm; Kanto Chemicals Co. Ltd.) was 20 used for HPLC separation. Initially, the mobile phase was 70% methanol in water (v/v), which was adjusted to 100% methanol approximately 14 min after injection. To elute all injected materials, the column was washed with 100% methanol for 20 min.
The flow rate was set to 0.2 ml min -1 , and the column temperature was 40 °C. A Quattro LC mass spectrometer (Micromass, Manchester, UK) equipped with an electrospray source was used for the mass spectrometry. The nebulizing and drying gases were nitrogen. The interface and source temperature were set to 400 °C and 150 °C, respectively. The nebulizer and desolvation gas flow were set to approximately 100 l h -1 and 500 l h -1 , respectively. The cone voltages and capillary were adjusted to positive ionization mode and to 5-deoxystrigol. The collision gas used in the MS/MS experiments was argon. The collision energy was 16 eV, and the collision gas pressure was 0.15 Pa. The transition of m/z 353 to 256 was monitored for 5-deoxystrigol. The data were obtained and analyzed using MassLynx software (ver. 4.1).
Germination assay
The dormancy of Orobanche seeds must be broken at a suitable temperature for a certain period of time before the seeds become responsive to germination stimulants (Matusova et al. 2004) . Orobanche seeds were sterilized with 2% NaClO solution or nab1 were added to the disks; an equal volume of GR24 (1 μM GR24) solution and distilled water served as the positive and negative controls, respectively. Germinated seeds were counted after 1 week using a binocular dissecting microscope. All data represent mean ± standard errors, and the experiments were repeated three times.
RNA-seq analysis
Basal axillary buds (slightly <5 mm long) were manually removed from wild-type and (Trapnell et al. 2010) and were defined as genes with at least a 2-fold change in expression and a false discovery rate (q) of ≤0.05%.
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